Abstract-An energy harvesting prototype (EHP) was designed to convert low-temperature heat loss from fluid into electricity. The method for energy conversion uses two antagonistically connected shape memory alloy (SMA) actuators to rotate a shaft that is connected to a generator. Heat transfer equations for concentric annular flow are modeled. The relationship between SMA temperature and shaft angular rotation is derived from a semiempirical SMA stress-temperature model and Ozdemir's SMA stress-strain equations. The simulated generator shaft rotation and generator voltage are in close agreement with the corresponding experimental results. Additional experiments were conducted to compare the ability of spring and linear SMA wires to convert lowtemperature heat lost from water into electricity. The linear SMA generated a peak 0.3 V, whereas the spring-shaped SMA generated a peak of nearly 5 V. On average, 7.4 mJ of energy per 2.5 s cycle was stored in a 6-F capacitor attached to the generator output. It is concluded that the EHP has a strong potential to recuperate low-temperature wasted heat.
The majority of this waste heat, nearly 3.02 (10 10 ) W, is lost each year in the form of low-temperature heat, which is defined to be heat between room temperature and 230°C [4] . Thermoelectric materials could be used to convert some of this waste heat into electricity, but they suffer from low efficiencies of conversion (2%-5%) and high costs ($30/W) [4] , while the quality of their performance is heavily dependent upon the temperature differentials [5] . The EverGen PowerStrap (Marlow Industries, Inc., Dallas, USA) is a commercially available product that has been developed by utilizing a thermoelectric material for lowtemperature heat recovery from the external wall of pipelines and can generate from 1 to 10 W of power depending upon the ambient temperature.
The use of shape memory alloy (SMA) actuators is another potential solution to recover low-temperature heat because they can cyclically experience substantial amounts of strain [39] and return to their original shape when exposed to temperature fluctuations [6] . The transitions to and from the austenitic and martensitic phases can be designed to be triggered by lowtemperature differentials and low temperatures in general, such as the difference between room temperature and body temperature [33] . Because SMA is biocompatible, has a high rate of strain recovery, and is resistant to kinks and corrosion, it has found uses in a variety of medical devices like stents [7] , [8] . SMA is also resilient under cyclic loading conditions [9] . SMA actuators have been also used for different applications: such as novel robotic applications [14] [15] [16] [17] , wet SMA actuated pumps [18] , and structural vibration tuning [19] due to their special characteristics such as high power density [20] , large recoverable strain, workability in corrosive environments, mechanical simplicity, etc., [38] .
On the other hand, SMA actuators suffer from a short stroke and a variable force during the stroke [20] because of their nonlinear system dynamics and hysteresis [19] , [21] . For this reason, nonlinear control methods are often used to drive SMA actuators [22] . Several papers concerning constitutive models and dynamics of SMA are available in [10] [11] [12] [13] . Another challenge of SMA actuators is the limited functional and structural fatigue life. Functional fatigue is the loss of thermomechanical properties during cyclic loading and unloading, whereas structural fatigue limit is the lifetime of the material before fracture. SMA actuators can be designed with satisfying fatigue life (>10 7 cycles) by limiting the SMA actuator mean strain and by alternating strain directions [40] , [41] . Electropolishing [41] and addition of Cu to NiTi-based SMA also improved Nitinol functional fatigue life [36] . Recently, SMA actuators from Dynalloy, Inc., reached a 10 8 life cycle through the advancements in material manufacturing and best-use design methodology [23] ; the discovery of ultralow-fatigue SMA has been reported by Chluba et al. [37] .
Because SMA phase transition temperatures can be designed over a wide range of possible temperatures [6] , SMA actuators have been used to convert low-temperature heat into electricity [23] , [24] . SMA-based energy generators could be useful in different wasted heat sources, such as in smokestacks, chimneys, heat exchangers, and desalination plants [25] , to generate electricity. Low-temperature waste heat conversion into electricity by SMA actuators could be a very useful method to alleviate the global energy demand.
An SMA heat engine presented by Browne et al. [23] and Alexander et al. [26] comprises a single loop of SMA wrapped around two axles. In this engine, SMA wire in the presence of a heat differential caused continuous rotation of the axles, which is used to generate electricity. One major material challenge limiting continuous-loop SMA heat engines is the difficulty of joining two ends of an SMA wire together to form a continuous loop without excessive fatigue as the joint rolls over the axles. In addition, dimensional and material discontinuities of a single loop of SMA at the joint causes localized cyclic stress concentrations on the pulley surfaces and cyclically changes the direction of the resultant force transmitted from the pulley to the chassis due to asymmetric dynamic pressure distributions of the pulley-SMA interface. These factors are limitations of the continuous-loop SMA heat engine design.
In contrast, the SMA thermal energy harvesting device presented herein is formed from two SMA actuators of the same length that are connected antagonistically to a shaft. Alternately heating and cooling each SMA wire produced an oscillatory shaft rotation to generate electricity [27] . In this SMA energy harvesting prototype (EHP), there is no problem of joining two SMA ends to form one continuous loop, which must roll over circular pulley surfaces. However, it is not possible to create continuous unidirectional rotation with this configuration; however, a full-wave rectifier circuit can be used to deliver the generated electricity to the grid or a storage medium. Furthermore, the novel configuration of the SMA actuators could be used to generate large amounts of torque, thereby turning a large generator, which is more difficult to do with continuously rolling SMA configurations as in [23] and [26] .
Thus, this paper presents the model and experimental results of an SMA EHP that was used to harvest wasted low-temperature heat from liquids. New additions over the preliminary version of this paper presented at the IEEE EnergyTech Conference [27] include the concentric tube annulus heat transfer model, the second-order derivation of Ozdemir's SMA stress-strain model, the accurate simulation of the system dynamics, and the quantification of the energy stored per cycle of operation. In this paper, straight wire and helical spring SMA configurations were also experimentally compared and evaluated for their potential to generate electricity with the EHP.
II. SMA EHP
An SMA EHP was constructed with two SMA actuators of the same length. Each SMA wire was connected to a 0.8-mmsteel cable that was wound around a shaft that was mounted in bearings. The cables were connected antagonistically to the shaft so that the contraction of one SMA wire caused rotation of the shaft in one direction, whereas the contraction of the other SMA wire caused rotation of the shaft in the other direction [see Fig. 1(a) ]. The shaft was connected to a generator (S/N 2651, Indiana General) so that the rotation of the shaft driven by the contractions of the SMA generated electricity (see Fig. 2 ).
Both linear and helical spring SMA wires made of NiTi alloy were used in this paper (NDC, Fremont, CA, USA). When the linear SMA is heated, it contracts, producing a change in length [ΔL S , Fig. 1(b) ], and this contraction results in the rotation of the generator shaft. Unlike linear SMA, the helical SMA spring was extended at low temperature in the EHP. Since SMA has a higher shear modulus above the martensite-austenite phase transformation temperature, helical SMA spring will have higher spring stiffness at a high temperature. A lowtemperature initial SMA spring extension and the developed stiffness at a higher temperature will generate a larger stroke compared with the straight SMA [see Fig. 1(c) ]. A larger SMA spring stroke can lead to a greater amount of stored energy.
Hot and cold fluid reservoirs were used to alternately heat and cool each segment of SMA, which were centered within two ½ NPT stainless steel pipes. The external surface of each pipe was insulated with polyethylene tubular insulation that had an R-value of 0.37 m 2 K/W. By heating the SMA on the right side while the left side was cooled, the contraction of the heated SMA element caused the rotation of the shaft. Fig. 3 (a)-(d) shows a close-up view of shaft rotation at different time steps from the physical prototype, whereas Fig. 3 (e)-(h) displays the application of hot and cold fluid to the two SMA actuators. Rotation of the shaft in the opposite direction was induced by subsequently cooling and heating the SMA wires that were initially heated and cooled, respectively, [see Fig. 3 (i)-(p)] [27] . Alternately heating and cooling the SMA caused oscillatory motions of the shaft (see Fig. 4 ) to which a generator was attached, thereby producing electricity. The device was also equipped with a multiturn potentiometer to measure the angle of shaft rotation.
III. MODEL OF AN EHP
A. Fluid Temperature and SMA Temperature
For the differential volume of the fluid element in Fig. 5 , the net heat transfer into or out of the fluid element is
where
D P and D S are the diameters of the inner surface of the pipe and outer surface of the SMA, respectively. C F is the specific heat of the fluid.ṁ(t) is the time-dependent mass transfer rate (the fluid flow model forṁ(t) is presented in Appendix A). One assumption is that the radial temperature gradient of the SMA wire is negligible. This assumption is valid based on the studies which showed that the maximum temperature gradient between the SMA wire surface and the center of the SMA is negligible for SMA wire diameters less than 10 mm [34] , [35] .
From [28] , the heat flux per unit area of the pipe (q P ) and SMA (q S ) are related to the temperatures of the pipe (T P ) and the SMA (T S ) through
The heat transfer coefficients for the pipe (h P ) and the SMA (h S ) are related to the respective Nusselt numbers through
The thermal conductivity is k. Nu P P , Nu S S , β S , and β P are thermal influence coefficients that vary with the ratio of the diameter of the inner surface of the pipe (D P ) to the outer surface of the SMA (D S ) [28] . The hydraulic diameter is the difference between those diameters as For clarity, the hot water was dyed red and the cold water was dyed blue [27] . Fig. 4 . Oscillatory motion of the generator shaft of the EHP created by alternately applying hot and cold water [27] .
Combining (4)- (7) shows that
Thus, from (1) to (3) and integrating where T F,I is the inlet temperature of the fluid. Thus, the fluid temperature varies in the x-direction [28] . A similar flow of logic shows that
where m p and m s are masses of pipe and SMA wire, respectively. T P ,I and T S,I are the respective temperatures of the pipe and SMA at the inlet. This is an important observation because it specifies the maximum length of the SMA that can be driven through the transitions to and from the austenite and martensite phases for any inlet temperature of fluid. From (12) and (13), the temperature difference of the fluid from SMA and pipe temperature are
Substituting (14) and (15) into (9) and (10) produces
With the temperatures along the length of the pipe known, the fluid, pipe, and SMA temperatures with respect to time are derived from the thermodynamic equations as
respectively. A S and A P are the surface areas of the SMA and pipe, respectively. V F , V P , V S , and ρ F , ρ P , and ρ S are the volumes and mass densities of the fluid, pipe, and SMA, respectively. T F,o , T P ,o , and T S,o are the initial temperatures of the fluid, pipe, and the SMA, respectively. The SMA temperature (20) is important to predict the strain of the SMA, which can be related to the rotation of the generator and the resultant voltage that is generated.
B. Relationship Between SMA Temperature and SMA Strain
The first-order Ozdemir's model of SMA [29] has been used in a previous paper [27] to predict the SMA strain (ε) through the temperature of the SMA, which is controlled by the temperatures of the hot and cold fluid reservoirs. In this paper, Ozdemir's model of SMA stress-strain was extended to the second-order case. Using nonlinear regression in Sigmaplot, the best curve-fit of empirical SMA stress-temperature data was obtained with the Sigmoidal-Weibull model:
where σ is SMA stress, σ o is SMA prestress, and a, T o , b, and c are model parameters and their statistical average values are obtained using nonlinear regression (see Appendix B). Equation (21) is used to simulate SMA stress from SMA temperature through (20) . From Ozdemir's stress and back stress equations, the SMA stress and strain arė
where β is the backstress, σ -β is overstress, and α = Ey E −E y . E y is the slope of stress-strain after yielding, Y is yield stress, and E is the elastic modulus, respectively.
Considering the terms in (22) and (23), multiplication of (22) by α and replacing the left side second term byβ yieldṡ
Multiplying (24) by negative one and adding the stress rate on both sides and rearranging giveṡ
Integrating (25) and rearranging, the difference between SMA stress and SMA backstress can be written as
Subtracting (23) from (22) σ
where m is an even number forε > 0 and is odd forε < 0. Whenε > 0, the SMA stress-strain relationship for n = 2 becomes
For negative strain, the stress-strain relationship is
The derivation of (28) and (29) can be found in Appendix C.
C. Electromechanical Model
In the preceding section, the stress-strain relationships were developed for a single SMA wire. However, in this paper, two SMA wires are used as shown in Figs. 1-3 . Hence, the subscripts of 1 and 2 will be used to distinguish between these two SMA wires in this section. Thus, the difference between the strains of each SMA wire is linearly related to the angular displacement of the shaft of radius r (see Fig. 1 )
where L S 1 and L S 2 are the lengths of the two SMA wires (see Fig. 2 ); ε 1 and ε 2 are their corresponding strains, respectively. For the electrical part of the energy harvesting system, the voltage of the generator is modeled as
where C v is the coulomb friction in terms of motor voltage, τ G is the generator time constant, and D is a small disturbance due to the bearings and motor shaft which has amplitude of P and is modeled as
IV. EXPERIMENTAL METHODS
The first goal of this paper was to evaluate the validity of the experimental model presented. To that end, the fully stretched spring SMA actuator was clamped at one end and the other end was connected to an LSP-10 load-cell (Transducer Techniques, Temecula, CA, USA). The SMA was next heated while simultaneously measuring the force applied to the load cell and the temperature of the SMA with a thermocouple (OMEGA, K-type chal-020, USA). This served to establish the correlation between SMA stress and temperature (21) (see Appendix B).
Next, experiments were performed to compare the performance of the spring and linear SMA wires in the EHP. In the first experiments, SMA spring wire with a fully stretched length of 125 cm was connected to the generator shaft through the steel pipe and heated by hot water [see Figs. 1(a) and 2] . Results from these experiments were also compared to the system model that was simulated in MATLAB. The boundary conditions, geometric data of spring SMA, and model parameters are listed in Table I . This type of large contraction was not capable of being produced with the 125-cm-long linear SMA wire because the contraction of the SMA in straight form was substantially less than the helical configuration [see Fig. 1(b) and (c) ].
As will be shown, the SMA in spring configuration was able to generate substantially more shaft rotation and generator voltage than the linear SMA. Thus, additional experiments were subsequently performed with the spring SMA to determine the amount of energy that could be stored. To that end, a full-wave rectifier was attached to the generator output V O in conjunction with four different capacitors. A full-wave rectifier was used due to the oscillatory motion of the EHP so that regardless of the 
V. RESULTS
The pipe and the SMA heat fluxes per area were computed through (16) and (17) iteratively for 1-cm-long (dx) SMA segments along the axis of each SMA wire. Then, the time function temperature of fluid, pipe, and SMA were computed via (18)- (20), respectively. This enabled the simulation of the SMA spring temperature along the length of the pipe (see Fig. 6 ). The SMA temperature along the length of the wire was not uniform until the SMA temperature approached the fluid temperature. The temperature of the SMA along the length became uniform after 3.8 s.
To evaluate the model linking the SMA temperature and the shaft angle, the SMA stress was first calculated via (21) . Next, the hysteretic SMA stress-strain relationships for positive and negative strain were plotted (see Fig. 7 ). The hysteresis of the SMA predicts a maximum SMA stress of 320 MPa (see Fig. 7 ). These material properties are within the range listed on the NDC website (www.nitinol.com).
The hysteresis plot predicts the strain to be expected at different levels of stress in the SMA. With this, the strain along the length of the pipe at different times was simulated by iteratively solving the model equations for each 1-cm-dx element of length along the pipe (see Fig. 8 ). The combined strain effect of the entire SMA segment at different times produced the overall change in length, or contraction, of the SMA that is responsible for the rotation of the EHP shaft. Passing the SMA temperature through (21) then in (28) and (29) provides the SMA strain on each dx segment of the SMA (see Fig. 8 ). The strain is zero for the first 0.3 s, which is the time spent to heat the first segment of SMA to its austenite temperature.
A maximum strain of 7.6% was obtained within 3 s along the SMA length (see Fig. 8 ). According to NDC and [6] , [9] , the maximum strain to be expected varies from 4% to 8%. Given the total stretched length of spring SMA of 125 cm, a 7.6% strain corresponds to 9.5 cm of displacement in the SMA spring. With a generator shaft diameter of 0.79 cm, this corresponds to a total shaft angular displacement of 24 rad, which is in close agreement with the experimentally obtained results (see Fig. 9 ).
The angular position of the generator shaft was evaluated through (30) and the corresponding generator voltage was computed via (31) . The simulated motor voltage is quite similar to the experimental result in terms of shape and voltage level (see Fig. 10 ). Experiments were also performed using a straight SMA wire; however, the angular displacement and voltage generated (see Fig. 11 ) were significantly lower than when using the helical SMA actuators (see Figs. 9 and 10) .
The voltage across the load capacitors (V C ) in the rectifier illustrated that the transient and steady-state voltage was high for the smaller capacitors (see Fig. 12 ). While charging the capacitors, the energy across the load capacitors was measured for different capacitance. Illustrative data from one experiment with each capacitor are shown in Figs. 12 and 13. The generator voltage with the 6-F capacitor exhibited underdamped oscillations because of increased system stiffness due to the significant resistive torque caused by the 6-F capacitor with the rectifier circuit. The average steady-state energy stored across the 6-F capacitor per 2.5 s cycle of operation is 7.4 mJ, which is greater by a factor of 4, 2, and 1.2 than the energy stored across the 1.41-, 2.2-, and 3.3-mF capacitors, respectively (see Fig. 14) .
VI. DISCUSSION
It is important to emphasize that the EHP with the spring SMA was capable of storing 7.4 mJ of energy per 2.5 s cycle of operation with the 6-F capacitor. This is the average steadystate energy stored during one cycle lasting 2.5 s. This can be substantially increased in the future by optimizing the design parameters of the EHP. For example, many SMA actuators linked in parallel could be used to turn a much larger generator. In the future, an optimized load will be designed to maximize the power transfer from the generator to the load. Furthermore, the optimal heating and cooling time of the SMA will be explored in the future. Another way to increase the harvested energy is to increase the length of the SMA actuators. The water temperature drop for a 125-cm-long spring SMA actuator was 6°C, which resulted in nearly a 5-V peak for a period of 2.5 s. Thus, increasing the SMA length by a factor of 5 would create a 30°C fluid temperature drop, and still, the SMA temperature would be above its austenite temperature at the outlet. Therefore, the same generator voltage can be sustained for nearly five times longer, which would substantially increase the energy storage capacity. Additional improvements could also be made using more efficient thermal insulation for the pipes. A mechanical feedback system is also envisioned to enable a power-free method to switch the hot and cold control valves.
The preliminary power density of the SMA EHP using a capacitive load is about 2 mW/g of spring SMA. A helical SMA spring with free length 0.12 m was extended to 1.25 m and mounted in the EHP because of ductile characteristic of martensite phase. Although the energy efficiency of spring SMA is lower than straight SMA [38] , spring SMA has a higher potential of converting low-temperature wasted heat (see Figs. 9-11). The angular displacement by linear SMA (212 mm 3 ) is also very low compared to the spring SMA (40 mm 3 ). This is partly because the surface area per volume ratio for linear SMA is lower compared with the spring SMA. Thus, the heat transfer from the fluid was lower for the linear SMA. However, the main factors are likely higher initial spring extension at low temperature and the geometric spring shape training, which substantially increased the displacement in comparison to the linear SMA. The theoretical energy efficiency of SMA is around 10%-15%, but practically it is about 1% [38] . Because thermoelectric generators are less efficient when there is a narrow thermal window with respect to ambient temperature, SMA actuators can be a potential alternative to capture low-grade heat energy losses. Since real efficiency of SMA actuators depend on the design of the SMA actuators and shape of SMA, in the future, a new EHP will be optimized to increase its efficiency.
The helical spring configuration has been shown to be more effective than linear SMA to generate electricity for the application envisioned of harvesting wasted heat energy from liquids. For example, many electricity generating plants routinely dump hot water into lakes and oceans. This wasted heat could be used to generate electricity to increase the efficiency of the electricity plants. The important thing is the form factor for this application, which will necessitate SMA actuators to fit into the pipelines of the electricity plants. It has been shown that in the same length of pipe, the helical spring configuration can generate significantly more electricity than the straight SMA configuration. While the efficiency of the SMA system is lower with the helical spring SMA due to the difference in SMA material volume, the overall efficiency of the electricity generating plant would be higher with the SMA spring configuration because a smaller length of pipeline can be used to generate a larger amount of electricity.
VII. CONCLUSION
A model and prototype for an SMA thermal energy harvester has been presented with a prime application to convert low- temperature wasted heat into electricity. The EHP model was developed and validated with experimental data.
The transient response of the model was predicted using concentric annulus heat transfer equations, a semiempirical SMA stress-temperature model, and Ozdemir's stress-strain model.
The EHP with helical spring SMA was capable of storing 7.4 mJ of energy per 2.5 s cycle of operation. In the future, an optimized SMA energy harvester has great potential to recuperate a substantial amount of the 15 TW of low-temperature heat wasted annually.
APPENDIX A FLUID FLOW MODEL
The model of time-dependent water flow is based on [30] . It is assumed that the flow-valve opens and closes linearly. The flow linearly increases until it reaches full pipe flow and in the last second it also linearly decreases. Accordingly, the mass-flow rateṁ (t) is modeled as follows:
where t is time and T is a period for heating and cooling of SMA wire.
APPENDIX B STRESS AND TEMPERATURE MODEL
Different researchers have fit experimental data [31] , [32] to a sigmoidal-Weibull four parameter model. Here, it is used to fit empirical data relating SMA stress and temperature (21) . Fig. 15 shows that this model demonstrates a highly correlated match for SMA stress-temperature relationship. The 99% confidence band proves significant acceptance in the nonlinear regression. The corresponding model parameters' statistical average values are presented in Table I . Here, a thermocouple was connected midway along the length of the SMA actuator to measure the SMA temperature.
APPENDIX C SMA STRESS AND BACKSTRESS DERIVATION
Forε > 0, by subtracting backstress rate (23) from Ozdemir's stress rate (22) and rearranging, the differential SMA strain becomes
Substituting ( 
Simplifying ( 
Substitution of σ − β from (26) into (38) produces
(1 + α) 
Combining (39) and (40), the stress for the positive strain rate can be written as in (28) . 
Substituting the value σ − β from (26) into (43) and rearranging, the SMA-stress for negative strain rate gives (29) .
